) have been examined for the results which are presented. Using several different weather parameters, tropospheric gravity waves, enhanced cold fronts and two rainfall data sets in Eastern Australia, associations at reasonably high levels of significance have been found with enhanced geomagnetic activity (EGA). Statistically this EGA involved either short delays of several days or long delays of about 20 days. The geomagnetic parameters used were (a) the AE index (b) the hourly H component for a number of stations and (c) the daily K P -sum value. The K P -sum analyses have shown that the EGA associated with the delays form part of four or five cycles of recurrent geomagnetic activity for 27-day periodicities. Furthermore statistically two recurrent cycles are found to exist concurrently, one apparently related to the short delays and the other to the long delays. Periodicities of 13.5 days are created because the two sets are displaced from each other by approximately this interval. A brief reference is made to the 13.5 periodicity known to exist for geomagnetic activity and the evidence in the literature for active regions on the sun to be displaced by 180 degrees of solar longitude.
Introduction
There have been many papers relating to sun-weather relationships over the last century. Projects in recent times have examined for example temperature changes (Bucha and Bucha, 1998) , cloud cover related to cosmic ray flux (Svensmark and Friis-Christensen, 1997 ) and electrofreezing (Tinsley, 1996) . One particular type of investigation, which dates back some time, is concerned with weather changes delayed a few days after enhanced geomagnetic activity (EGA) (Roberts and Olson, 1973; Bucha and Bucha, 1998 ). An early result by Duell and Duell (1948) which is partially reproduced by figure 1 of Bowman and Shrestha (1998) is representative of this relationship. The literature on short-term relationships with EGA is discussed in some detail by Bowman and Shrestha (1998) . Recent papers which cover four sunspot-minimum periods (1963-1966, 1971-1977, 1983-1987 and 1992-1997 ) report on tropospheric gravity waves (also known as ground-level atmospheric gravity waves-GL-AGWs) recorded at Brisbane, Australia, (Bowman and Shrestha, 1998; Bowman, 1972 Bowman, , 2000 . These give details of associations which these events apparently have with EGA a few days earlier. These will be called type 1 delays. Results relating to these type 1 delays will be presented here. However the analyses which have been performed will emphasize the existence of long delays ranging from 15 to 20 days which are found associated with GL-AGWs as well as some other weather parameters. Although the results for the initial analyses of this phenomenon (long delays) seemed to be statistically significant, mechaCopy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences.
nisms which might be involved were difficult to imagine. These long delays will be called type 2 delays.
The weather parameters to be considered will be GLAGWs, certain cold-front events, and some events associated with rainfall areas in Eastern Australia. In Eastern Australia the local time (LT) is 10 hours ahead of universal time (UT) (i.e. LT = UT + 10 h). Table 1 lists the corrected geomagnetic coordinates for the stations which will be mentioned here, in order of descending longitude.
Methods of Analysis
The superposed-epoch method has been used throughout, the period covered in each analysis being extensive with error bars and standard-deviation displacements available in the limited sections of the results which will be presented. For example analyses which use hourly values cover the centre hour (arbitrarily chosen as 0000 UT) ±30 days (i.e. 1441 hours). The details of these methods have been given in the earlier papers (Bowman and Shrestha, 1998; Bowman, 2000) . The geomagnetic parameters used are (a) AE indices, (b) the H components at a range of stations and (c) K P -sum values. For some results spectral analyses have also been performed. Because of annual and sunspot-cycle fluctuations (see e.g. Taylor et al., 1996) the K P -sum values have been normalized by dividing successive 61 day intervals during the year by the average value for each interval. For normalization the results obtained were somewhat between than when it was not used. Furthermore to modify rapid fluctuations over short periods 5-day running means have been used on these K P -sum values. 
The Detection of Long Delays
The GL-AGWs considered here will be those associated with cold fronts which pass through Brisbane a day or two after the GL-AGWs are recorded (called frontal GL-AGWs). Figure 1 shows analysis results involving hourly H components at Tixie Bay and Cape Wellen relative to the frontal GL-AGWs for the period 1971 to 1977. Besides the type 1 delays around 4 days there are also significant displacements centred on −16 days ( Fig. 1(a) ) and again at +12 days ( Fig. 1(b) ), an interval of 28 days. It has been found for the extensive superposed-epoch analyses of this kind that the final displacements are distributed normally (see e.g. Bowman and Mortimer, 2000) . Consequently on Fig. 1 the probability of displacements around 4σ being random is 0.006 percent (Croxton and Cowden, 1955) , and these displacements of significance are repeated on consecutive days. The significance of these long delays is reinforced by the fact that similar H -component analyses at four other stations (College, Dixon, Murmansk and Leirvogur), distributed around the world, produced similar results (see (see table 3 of Bowman and Shrestha, 1998) .
This AE analysis also reveals a 28-day periodicity for the long delays (not shown) with enhanced displacements recorded at +11 days. As will be mentioned later, the type 1 delays are weak for the 1971-1977 period and although shown in Fig. 1(a) , are not recorded in Fig. 2 (a).
Analyses Using K P -Sum Values
The significant displacements at 27 or 28 day intervals in Section 3 suggest that they might be part of the phenomenon of recurrent geomagnetic activity related to the rotation of the sun. Section 3 used hourly values, the analyses covering periods from −30 to +30 days relative to the centre hour. The daily K P -sum values have been used to examine the extent of any recurrent tendency suggested by the use of hourly values. Here the coverage was centre day ±365 days (i.e. 731 days).
Tropospheric gravity waves
Figures 3 and 4 show the results for the K P -sum analysis for each of the four periods for the GL-AGWs. There is evidence of both type 1 and type 2 delays each being part of recurrent periodicities of around 27 days. The peaks relating to the type 2 delays are dominant compared with those for the type 1 delays. Because of this and the need to use running means for results to be meaningful, the suppression of the type 1 events may be partly explained. The type 2 oscillations can be clearly recognized in Figs. 3(a) and 3(b) (for 1963-1966 and 1971-1977 respectively) , while there is some evidence of type 1 delays in Figs. 4(a) and 4(b) 3 . K P -sum analyses using frontal GL-AGWs for (a) 1963-1966 and (b) 1971-1977. (for 1983-1987 and 1992-1997 respectively) . Judging from the displacements of the other maxima it is estimated that the delay for the broad maximum type 2 delay for 1963-1966 is 24 days. Since the delays for 1983-1987 was 21 days and 21 or 22 days for 1992-1997 it was decided for the increased event numbers to combine these results into a single analysis. Consistent with the earlier results (Figs. 1 and 2) the type 2 delay for 1971-1977 is 17 days (Fig. 3(b) ). Although other results will be presented and discussed later it should be noted here that spectral analyses have been performed for the four distributions in Figs. 3 and 4. These results (not shown) reveal periodicities around 27 and 14 days, as expected from for example the type 1 and type 2 peaks in Fig. 4(b) . However the 14 day periodicity for the 1971-1977 period is not prominant, consistent with the earlier comment of the weakness of the type 1 events for this period.
The central section (centre day ± about 100 days) of the results for the combined analysis (1963-1966; 1983-1987 and 1992-1997 ) is shown in Fig. 5(a) . A dominant feature is a series of maxima spaced about 27 days with one maxima around −20 days. The standard-deviation displacements oscillate between −2σ and +2σ with one displacement of +3σ . Oscillations which relate to the type 1 delays seem 1963-1966, 1983-1987 and 1992-1997, and (b) same number of random controls.
to be masked by the more dominant events which relate to the type 2 delays. However the spectral analysis for the Fig. 5 (a) distribution reveals clearly peaks around 27 and 14 days (Fig. 6(a) ). As a further test of the significance of these results for GL-AGWs a similar number of random dates from each period used (totalling 177) have been used as controls. These give a distribution shown in Fig. 5(b) which is quite unlike that in Fig. 5(a) . The spectral analysis for this distribution is shown in Fig. 6(b) where there is no evidence of dominant 27 or 14 day periodicities.
Enhanced cold-front events
As might be expected analyses for particular cold-front events produced associations (not shown) with EGA which were similar to those found for GL-AGWs, recorded a day or two earlier ( Fig. 5(a) ). However it was surprising and interesting to also find associated with EGA, although not as well defined, the other cold-front passages at Brisbane, over the four sunspot-minimum periods which did not have associated GL-AGWs. There were 370 such events. This result suggested an analysis of the 667 fronts which extended at least as far north as Geraldton in Western Australia, some 3700 km west of Brisbane. Geraldton's location is indicated in Fig. 7 . Although cold fronts move across the Australian continent from west to east, a superposed-epoch analysis has shown that apparently the 3700 km separation is enough for the Brisbane and Geraldton events to be independent. As an analysis using the Geraldton fronts by themselves yielded results with EGA similar to those found for the Brisbane fronts not associated with GL-AGWs, these two event sets have been combined into one analysis involving K P -sum values for the advantage of the increased event numbers. Fig. 8(b) . Table 2 . Brisbane and Geraldton cold fronts (27-Day periodicities- Fig. 8(a) The result for this combined analysis is shown in Fig. 8(a) and indicates the existence of two recurrent cycles with a separation of about 14 days. In addition five consecutive minima are well defined. Table 2 lists the details (location in days and standard-deviation displacements) of two maxima and one minima series. It is probably significant that quite independent of any GL-AGWs, Fig. 8(a) clearly shows appropriate values for the type 1 and type 2 delays. The large number of controls would have assisted the obtaining of meaningful results. The spectral analysis for this distribution which is shown in Fig. 9(a) is not unlike Fig. 6(a) . A distribution obtained by using 1037 random controls is shown in Fig. 8(b) and the relevant spectral analysis in Fig. 9(b) . There are no periodicities of interest in these two figures.
The two recurrent series listed in Table 2 are confirmed with the well-defined 14 day periodicity indicative of the separation between these series. 4.3 Some other weather systems and geomagnetic activity Since frontal GL-AGWs are associated with EGA Fig. 5(a) ), and independent of GLAGWs, enhanced cold fronts are found directly associated ( Fig. 8(a) ) it might be expected that certain aspects of rainfall may be found to also be associated. This subsection will report on two investigations into weather systems involving rainfall in Eastern Australia. All four sunspot-minimum periods were examined. The relevance of the results were variable with some revealing significant associations with EGA while for others interpretation of the results was more difficult. The best results were found for the 1971-1977 period where as Fig. 3(b) shows the 27-day periodicity associated with the type 2 delay is dominant. However significant results in other years will also be mentioned.
Associations of EGA with weather have been assessed in terms of rainfall areas in south-eastern Australia. These areas incorporate the states Tasmania (Tas), Victoria (Vic) and New South Wales (NSW) and are illustrated in Fig. 7 . A classification of small was used if rainfall areas were ≥5 but <45 percent of the total area of the three states; medium if ≥45 but <65, large for areas ≥65 percent and very large for rain areas extending into Queensland (Qld). Rainfall ar- eas for 24 hours from 0900 (LT) on the event day were assessed from daily weather charts. Thus the event day interval (0900 to 0900) applies closely to that for the geomagnetic activity used in the analyses which is expressed in universal time. The H components for Tixie Bay, Cape Wellen and College were examined relative to events representing each of these area classes. The small and medium levels showed little or no evidence of types 1(a) or 1(b) associations although the medium-area analysis indicated some support for the type 2 delays. The best results were obtained for the analysis involving the large areas. The results are shown in Figs. 10(a) and 10(b) for the 1971-1977 period.
Here both the short and the long type delays can be recognized with many displacements exceeding 3.5σ . The displacement near −15 days is consistent with the results presented in Figs. 1, 2 and 3(b). There is however an additional 27-day range which extends from approximately −20 days to +7 days. A similar analysis for the 1983-1987 period and very large areas produced displacements around 5σ at positions −19 and +7 days while the 1963-1966 period for medium levels had significant displacements around 4σ at −15 and +13 days.
Another approach was to consider average daily rainfall levels for 9 or 10 stations in a uniform area of Queensland (Qld) called the Darling Downs. These levels were obtained from daily publications of rainfall for Queensland locations. They were used as controls in analyses involving the K P parameter. This area of 70,000 km 2 which is illustrated by Table 3 . The analyses for the medium 1 and 2 controls gave results consistent with those found earlier (Subsections 4.1 and 4.2). Figure 11 (a) shows the medium 1 results with the relevant spectral-analysis plot in Fig. 11(b) . Similar results were obtained for each of the low 1, low 2 and low 3 ranges, these being represented here in Fig. 12(a) by the low 3 plot. The spectral-analysis results are shown in Fig. 12(b) , indicating periodicities around 26 and 13.7 days. The medium 1 and low 3 displacements which are close to day zero are indicative of very short delays and are consistent with the 1 day delays found for GL-AGWs (see table 3 of Bowman and Shrestha, 1998) . Also of significance were the results of similar K P -sum and spectral analyses for low 3 levels for 1963-1966 and high levels for 1992-1997. 
Discussion and Conclusions
Over four sunspot-minimum periods, at reasonably-high levels of significance, consistent statistical results concerning relationships with EGA, involving delays of different magnitudes, have been found for a number of weather parameters ((a) GL-AGWs, (b) enhanced cold fronts, (c) rainfall areas in south-east Australia and (d) Darling Downs rainfall). Type 1 delays involve several days while type 2 delays are around 20 days. The EGA associated with these delays is part of sequences of recurrent geomagnetic activity involving periodicities around 27 days and 13.5 days. Looked at another way the K P analyses have detected two 27-day periodicities which are displaced from each other by about 13.5 days, the 27-day periodicities recording about four or five cycles. Of the two sequences the one associated with the type 2 delays is significantly more dominant.
The 13.5 day periodicity in geomagnetic activity is now well documented (see Mursula and Zieger (1996) and references therein). Any discussion which related this recurrent geomagnetic activity to events on the sun must be considered speculative. However, as stated by Mursula and Zieger (1996) "Pap et al. (1990) suggest that the solar 13.5-day periodicity comes from two new magnetically active solar regions, about 180
• apart in longitude" (see also Donnelly and Puga, 1990) . The observation by Mursula and Zieger (1996) that these periodicities last for a few (about 4) solar rotations is consistent with the results found here.
The experimental evidence indicates that certain weather parameters (e.g. GL-AGWs and enhanced cold fronts) are influenced by a mechanism of some kind resulting in delays of up to five days or more, following the occurrence of EGA (Bowman and Shrestha, 1998) . These maxima (for these type 1 delays) in EGA are found by the present statistical analyses to form part of recurrent geomagnetic activity with a 13.5 day periodicity (Figs. 8(a) and 9(a) ). This periodicity means that besides delays of about 5 days another maximum can be expected which indicates a delay in the vicinity of 20 days (type 2 delay). It is suggested that this explanation for the long delays may be sufficient without the need to find a mechanism. However there is a need of a mechanism to explain the type 1 delays. One hypothesis suggested and mentioned briefly by Bowman (2000) involves changes to weather systems, influenced by atmospheric gravity waves generated at times of delayed ionospheric D-region absorption. Another hypothesis considers the delays associated with the movements of weather patterns from polar regions following EGA (Bucha and Bucha, 1998) .
Although weather parameters are used, the sole purpose of these analyses has been to establish the significance of associations they have with geomagnetic activity. Therefore the results are not concerned directly with meteorology, although they could help in the search for mechanisms to explain the relationships found.
